Abstract-A novel control technique for sensorless vector control operation of double inverter fed wound rotor induction motor is presented. Two current controllers control the stator side currents based on vector control algorithm. Another V/f type flux and frequency controller controls the rotor side frequency directly. A novel frequency command profile for the rotor side controller is suggested to make this sensorless drive operation reliable and less dependent on motor parameters at any rotor speed. A complete inverter power flow analysis is presented to show that the drive can deliver full torque from 0 to 2p.u. speed for either direction of rotation. Thus, double the rated power can be extracted from the induction motor without overloading it. The proposed algorithm allows the drive to start on-the-fly without any rotor transducer. 
I. INTRODUCTION
Recently, it has been shown that grid-connected wound rotor induction motors with current injection on the rotor side can be operated in supersynchronous mode to produce up to two times the rated nominal power [l] . But, such a configuration does not have the capability of smooth speed reversal. A more versatile configuration is one wherein the stator and the rotor of the wound rotor induction motor can be fed from variable frequency inverters. In [2] it has been shown that this configuration has the capability of operating in all the four quadrants of the speed-torque plane. The control scheme of [2] has two separate torque current controllers for both stator and rotor side inverters. However, as shown in the following, the stator torque current and the rotor torque current are proportional to each other. So, separate torque current controllers for both the stator and the rotor can lead to instability problems. This scheme also shows abnormal rise of torque current during speed reversal and is sensitive to motor parameters.
In this paper, a novel sensorless vector control algorithm is proposed to control the double inverter fed wound rotor induction motor using rotor flux oriented model of the motor. The proposed algorithm is less dependent on motor parameters and eliminates the possibility of instability. This makes the drive more reliable. This proposed algorithm runs at double the rated speed and thus enables generation of twice the rated power from the motor without overloading the motor. ' Generally, sensorless operation is unreliable near zero rotor speed [3] - [5] . However, very good stability of operation near zero rotor speed including stall operation is achieved here. So, the proposed sensorless algorithm dispenses with the need for costly and unreliable positioln transducers. The earlier reported system requires zero frequency operation on both the sides (stator and rotor) of the motor at some speeds of operation. However, from control point of view, nonzero frequency operation gives stable and reliable operation. This is achieved in this paper using a novel frequency reference generator.
FUNDAMENTALS OF BASIC CONFIGURATION
The configuration of double-inverter fed induction motor drive is shown in figure 1 . A three-phase 1p.u. inverter feeds power to the wound rotor induction motor Fig. 1 . Doubly inverter fed wound rotor induction motor drive through its stator terminals. Another three-phase 1p.u. inverter feeds power to the same motor through its rotor terminals. Now, the motor analysis is given to identify the control method suitable for this configuration. In this paper, the rotor flux oriented model of the motor is only considered for the vector control operation. However, from the electrical equivalence of the stator and the rotor of the wound rotor motor, it can be easily shown that the stator flux orientation also gives a similar model of the motor.
A. Motor Model With Rotor Flux Orientation
The stator and the rotor voltage equations are furnished below in stator and rotor co-ordinates, respectively.
The rotor flux in the stator reference frame can be written as Figure 2 shows the angular position of this rotor flux vector. Transforming the stator and the rotor currents in the rotating reference frame, which is along this rotor flux axis, the d-axis and the q-axis currents become
The d-axis and the q-axis voltage equations are also stated here using the equation (1) .
w,
Finally, the developed electromagnetic torque of the motor is given below. 
B. Sensorless Estimation Of Rotor
Substituting (9) The rotor flux speed ( U _ ) can be estimated using the following equation.
The differential terms in above equation contribute to some noise, which can be eliminated by employing a first-order low-pass filter. Finally, the rotor speed w, is obtained a s follows.
PROPOSED CONTROL METHOD
The block diagram of the proposed controller is shown in figure 3. The d-axis current reference if, is selected such that the stator side inverter and the rotor side inverter share the magnetizing currents equally (equation (3)). The q-axis current reference i;, which is equivalent to the torquc command (equation (6)) when y,is constant, is obtained from the speed controller output. A simple PI-controller is introduced for the speed control. The estimated rotor speed we from (13) is used as a speed feedback for the PIcontroller.
A . Stator Side Controller

B. Rotor Side Controller
From the rotor side voltage equations (equation 4), it is seen that the rotor side currents do not have any dynamics f generated just to keep \yr constant to its rated value at all V speed (we), the constant -type PWM controller directly controls the rotor flux angular velocity ( w, ) with respect to the rotor. The stator supply frequency ( w,"), which is equal to the rotor flux speed (U,,,, ) with respect to the stator, has a unique value conforming to equation (13).
f C. Frequency Command Generation for Rotor Side Controller
From the equation (13) For rotor speeds above 35Hz, the rotor supply frequency command follows the following equation f Below 30Hz; the magnitude of rotor supply frequency is either kept constant to 47Hz or generated from the following equationNow, from equation (13), it can be seen that the stator supply frequency is automatically developed around 47Hz through out the low speed operation. This ensures a very reliable sensorless low speed operation of the drive (including the zero speed). At other rotor speeds, the supply frequencies on either side of the motor are always above 12Hz. Figure 5 shows the corresponding supply frequency developed on the stator side.
These frequency profiles are interchangeable. The given stator frequency plot can be used as a rotor frequency command. Then, the generated stator frequency plot will be the present rotor frequency command.
D. Power Flow from Stator and Rotor
There are two definite operating regions of this drive. One is for operation at rotor speeds below 30Hz and the other is for operation at rotor speeds above 35Hz ( figure 4 and 5). For rotor speeds more than 35Hz, the rotor flux frequency and the stator flux frequency have equal magnitude, but opposite sign. Under this condition, the: power flow from the stator and the rotor can be analysed as: follows.
Let us assume that the power fed from the stator side inverter to the motor is P, . The power fed from the rotor side inverter to the motor is P, and the output electricall power from the motor is e . For any arbitrary constant load torque m, , P, and 9 can be written as
Now, from equation (14), it is seen that for the sign of P, and P, are same i.e. during motoring operation of the motor, both the stator inverter and the rotor inverter feed the power to the motor. On the other hand, during regeneration, both the inverters draw power from the motor and feed it to the common dc bus. This is named a:; supersynchronous operation of the motor. Now, each 1 p.u. inverter is capable of producing rated torque ( mra,e, ) at rated frequency ( wlarrd). When thest: inverters operate at a condition confirming to equation (1 7), the net output power developed from the motor is So, the motor output power becomes twice the rated power. This is a very attractive advantage of this drive for high power applications. At this condition, the rotor speed (0, becomes twice the rated speed (equation (1 7) ).
For rotor speeds below 30Hz, the rotor supply frequency (U,) and the stator flux frequency (U,") have the: same sign. But, their magnitudes are different. For any positive load torque m d , one inverter feeds power to the motor in excess to the required output power from the: motor (equation 16). The other side inverter draws this; excess power from the motor and feeds it to the common dc bus (equation 16). The balance power is equal to the net output power from the motor ( e ).
Therefore, there is a circulation of power from the stator to the rotor through the motor. This is named as subsynchronous operation of the motor. The program is written in assembly language. The control cycle time is set at 100pec. The experimental waveforms are shown in figure 6 to 13. performed at no load. It is important to note that 1p.u. torque is maintained from -2p.u. to 2p.u. rotor speed. This confirms the capability of the drive to extract 2p.u. power from 1p.u. motor without electrically overloading the machine. Figure 6 and 7 show the stator and the rotor current waveforms during speed ramp up to 2p.u. rotor speed. The steady 1p.u. current during this transient operation ensures the good current control at all operating rotor speed. Figure 9 shows the estimation of the rotor flux vector position at zero rotor speed. Figure 10 and 11 show the motor currents during sudden loading at subsynchronous and supersynchronous operation of the motor.
IV. EXPERIMENTAL RESULTS
A . Steady-State and Dynamic Performance
B. Starting performance Figure 6 shows the waveforms of actual speed and the Figure 12 and 13 show the two critical starting torque current when sudden 2p.u. speed reversal is performance of this sensorless drive. Naturally, this allows the drive to start on-the-fly. Figure 13 shows on-the-fly start when motor is running at 2p.u. speed.
V. CONCLUSION
A new sensorless vector control strategy is proposed here for double inverter fed wound rotor induction motor. Current control is done on one side of the wound rotor induction motor. Direct frequency control is applied on the other side of the same motor. The resulting control is rugged and reliable. With the introduction of this controller, the double inverter fed wound rotor induction motor runs up to double the rated speed on either direction, without field weakening operation. This, in turn, ensures full torque operation for the motor up to double the rated speed and hence, double the rated power can be extracted from the motor. Because of good current control on one side of the motor, there are no current transients in the motor during high dynamic operation. The frequency profiles, proposed here, ensure that the frequency on either side of the doubly fed wound rotor induction motor never goes below to 12Hz. Because of this feature, this control has very little dependence on motor parameters. Therefore, the reliability of the drive improves considerably. This feature also ensures that high torque can be obtained without any thermal stress on any of the inverter legs for any rotor speed. The proposed controller estimates the rotor speed from the motor model and performs the control operation. So, it eliminates the need for costly, unreliable position transducer and makes the drive more rugged. This sensorless method is very reliable even at zero rotor speed because of the rotor frequency profile proposed in this paper. This sensorless drive is capable of starting on-thefly. 
